A method was developed that enabled real-time monitoring of the uptake and survival of bioluminescent Escherichia coli O157 within the freshwater ciliate Tetrahymena pyriformis. Constitutively bioluminescent E. coli O157 pLITE27 was cocultured with T. pyriformis in nutrient-deficient (Chalkley's) and in nutrient-rich (proteose peptone, yeast extract) media. Non-internalised bacteria were inactivated by addition of colistin, indicated by a decline in bioluminescence. Protozoa were subsequently lysed with Triton X-100 which lead to a further drop in bioluminescence, consistent with release of live internal bacteria from T. pyriformis into the colistin-containing environment. Bioluminescence measurements for non-lysed cultures indicated that internalised E. coli O157 pLITE27 cells were only slowly digested by T. pyriformis, in both media, over the time period studied. The results suggest that bioluminescent bacteria are useful tools in the study of bacterial intra-protozoan survival. ß
Introduction
Protozoa are common inhabitants of aquatic and terrestrial ecosystems. Their role in the control of bacterial populations, such as in biological wastewater treatment systems, has long been acknowledged and there is now growing interest in their ecological roles as potential reservoirs for pathogenic bacterial species in the environment [1^3] . Following uptake by protozoa, some bacterial species are able to evade digestion and multiply within protozoan membrane-bound vacuoles [4^7] . Moreover, intraprotozoan growth has been associated with increased bacterial virulence [8, 9] and increased tolerance to biocides and antimicrobial agents [10, 11] . Interestingly, it is not only the bacterial endosymbionts that may bene¢t from the relationship: amoebae with endosymbiotic bacteria have been reported to have enhanced pathogenicity [12] . It has also been shown that gene transfer between bacterial cells may occur in the protozoan digestive vacuole [13] and that protozoan faecal pellets and protozoan cysts can contain viable bacterial cells [13, 14] . Thus, the relationship between protozoa and internalised bacteria is an area which merits further investigation, not only from an ecological standpoint but as a matter of importance for public health.
Techniques to study the fate of bacterial cells in coculture with protozoa include an agarose slide method [15] , use of bacterial stains [7, 16] , gfp-expressing bacterial cells [17, 18] and radioisotope-labelled bacterial cells [19] . We report here a technique employing a bioluminescent bacterial strain in coculture with the freshwater ciliate, Tetrahymena pyriformis. The bacterial strain used, Escherichia coli O157:H7, contains a plasmid bearing the luxCDABE genes under the control of a constitutive promoter. This method does not, therefore, require the addition of an exogenous substrate for luciferase activity, and light output gives an indication of bacterial metabolic activity in real time [20] . As this technique has been used to assess intracellular bacterial survival in animal cell lines [21, 22] , the aim of this work was to assess whether bioluminescence could be used as a tool to follow bacterial activity before, during and after ingestion by a protozoan.
Materials and methods

Microbial strains
E. coli O157:H7 (toxin-de¢cient ; NCTC 12900), previously transformed with the recombinant plasmid pLITE27 containing the luxCDABE operon [23] , was maintained on nutrient agar (NA) (Oxoid, Basingstoke, UK) containing ampicillin (50 Wg ml 31 ) (Sigma, Dorset, UK). T. pyriformis (CCAP 1630/1B) was maintained axenically in proteose peptone yeast extract broth (PPY; 10 g proteose peptone and 1.25 g yeast extract in 500 ml distilled water) in 10 ml volumes in test tubes, at 20 ‡C.
Correlation between bioluminescence, optical density and viable counts
The relationship between bioluminescence, optical density and viable cell numbers was determined using a suspension of E. coli O157 pLITE27 diluted in Chalkley's medium (see Section 2.3) to values ranging from 100 to 1% of the original suspension density. Each dilution was measured for light output, optical density (OD) and viable cell counts. Bioluminescence (in relative light units; RLU) and OD at 540 nm (OD 540 ) were measured on an automated luminometer-photometer (Lucy 1; Anthos, Austria) and viable counts were determined by plating cells onto NA (+ampicillin) with a spiral plater (Autoplate model 3000; Spiral Biotech, Bethesda, MD, USA). The correlation between bioluminescence and viable cell numbers was also determined for bioluminescent E. coli resuspended in PPY broth.
Preparation of T. pyriformis for coculture
For coculture experiments, T. pyriformis was grown at 20 ‡C in 25 ml tissue culture £asks containing 10 ml PPY for 3 days. 20 ml of two pooled cultures were centrifuged at 1000 rpm for 5 min (Centurion Model 4040E; Centurion Scienti¢c Ltd., UK), washed three times and the pellet resuspended in 10 ml sterile Chalkley's nutrient-de¢-cient medium (stock solution of 2.0 g NaCl, 0.08 g KCl, 0.12 g CaCl 2 in 100 ml distilled water; 5 ml of stock solution in 1 l distilled water). This gave a ¢nal density of ca. (c) Fig. 1 . The relationship between E. coli O157 pLITE27 bioluminescence measurements (RLU) and (a) optical density (OD 540 ) and (b) viable counts (colony-forming units (CFU) ml 31 ) in Chalkley's medium. c: Correlation between bioluminescence (RLU) and viable counts (CFU ml 31 ) for E. coli O157 pLITE27 in PPY broth.
1.2U10
5 T. pyriformis cells per ml, as enumerated in an improved Neubauer counting chamber. This suspension was incubated overnight (20 ‡C) . Alternatively, to investigate the outcome of adding bacterial cells to non-starved T. pyriformis, PPY broth was used in place of Chalkley's medium as the protozoan resuspension medium.
Preparation of bacterial cells for coculture
Lawns of E. coli O157 pLITE27, grown overnight on NA (+ampicillin) at 37 ‡C, were harvested and resuspended in Chalkley's medium. The appropriate bacterial inoculum was prepared by determining bioluminescence or OD 540 values and referring to the previously determined correlation curves. Cocultures were designed to give a prey^pred-ator ratio of 1000 bacterial cells to one protozoan, in a ¢nal volume of 10 ml Chalkley's or PPY broth. Bioluminescence levels of liquid suspensions were measured using BioOrbit 1250 (BioOrbit, Finland) and Lucy 1 luminometers.
Cocultures
Cocultures of T. pyriformis and E. coli O157 pLITE27 were dispensed in 200 Wl volumes into the wells of a 96-well microtitre plate and incubated at 25 ‡C in a Lucy 1 luminometer for 30 min, without shaking. Non-ingested, extracellular bacteria were inactivated by addition of colistin (Sigma, Dorset, UK) to each well, at a concentration of 10Umean inhibitory concentration (MIC) (10 Wg ml 31 ). Colistin was chosen as it had no e¡ect, at this concentration, on T. pyriformis and did not appear to a¡ect the viability of intracellular bacteria. Recovery of surviving internalised bacterial cells was achieved by the addition of Triton X-100 (0.2% ¢nal concentration) to cocultures. This concentration e¡ectively lysed all T. pyriformis cells but had no adverse e¡ect on the bacterial cells. Throughout coculture experiments, light output was measured in RLU, at 5 min intervals, over a period of 5 h.
Results and discussion
In most studies using bioluminescent bacterial strains, it is necessary to correlate bioluminescence with conventional enumeration methods. Light emission by E. coli O157 pLITE27 showed good correlation with optical density and viable counts (Fig. 1a^c) . It was also necessary to ascertain that the bioluminescent bacterial strain would survive and maintain bioluminescence in Chalkley's medium, and in PPY broth, at 25 ‡C without the addition of ampicillin. E. coli O157 pLITE27 bioluminescence remained stable over the duration of coculture experiments ( Fig. 2a and b) and, in fact, bioluminescence could still be detected when this strain was incubated in Chalkley's medium for at least 7 days. It was, nevertheless, also ascertained by light microscopy that T. pyriformis would not be a¡ected by addition of ampicillin, should it be required. In addition, in preliminary cocultures it was observed, by epi£uorescence microscopy, that wild-type and transformed strains of E. coli O157 labelled with DTAF [16] were internalised equally well.
For cocultures in Chalkley's medium, bacterial bioluminescence readings, over the time periods studied, suggested that there was uptake of E. coli O157 pLITE27 by T. pyriformis (Fig. 3a) . On addition of Triton X-100 to lyse the protozoa, following addition of colistin to inactivate extracellular bacterial cells, bioluminescence was seen to drop dramatically as intracellular E. coli O157 pLITE27, released into the colistin-containing extracellular environment, were killed rapidly. Cocultures with colistin addition, but no Triton X-100, showed only a gradual decline in bioluminescence following the initial inactivation of non-ingested bacterial cells, presumably due to digestion of the bacteria within the protozoan cells. Similarly, bioluminescence in cocultures with neither colistin nor Triton X-100 eventually began to decline within the time period studied. The results of coculture of bacteria and protozoa in PPY broth also demonstrated that internalised bacteria were digested by T. pyriformis (Fig. 3b) . The addition of colistin to cultures in PPY medium resulted in a less rapid rate of inactivation of extracellular E. coli O157 pLITE27, compared to the rate achieved in Chalkley's medium. This is most likely an e¡ect of the pH of PPY broth (pH 7, as compared to pH 6 for Chalkley's medium), possibly as well as cation content, leading to a decrease in colistin activity. Addition of Triton X-100, to release internalised E. coli O157 pLITE27, resulted in a much more rapid inactivation rate than that seen with colistin in PPY broth alone. Thus, in cocultures in both media, the reduced sensitivity of E. coli O157 pLITE27 to colistin during the 30 min subsequent to antibiotic addition, in comparison to controls, was a very strong indicator of internalisation of bacterial cells. On lysis of T. pyriformis, the dramatic drop in light emission would appear to con¢rm this assertion.
A bacterial strain expressing luxAB, but requiring addition of an exogenous substrate for luciferase, has been used previously to aid in enumeration of protozoa [24] . To our knowledge, however, no work has utilised constitutively bioluminescent strains to follow bacterial intraprotozoan survival. This investigation has demonstrated that bioluminescent bacterial strains potentially provide an informative means of studying the uptake and survival of speci¢c bacteria within protozoan hosts. Axenically grown T. pyriformis was shown to ingest bioluminescent E. coli O157, with bioluminescence remaining at detectable levels following treatment of cocultures with colistin. Barker et al. [7] demonstrated that E. coli O157 was able to survive and multiply within Acanthamoeba polyphaga, when studied over a period of 35 days. It is envisaged that the method reported here would be suitable for such long-term study, and in di¡erent protozoan hosts, since bacterial cells that are metabolically active would still be detectable, even if only in low numbers. The use of a gfp-expressing Moraxella strain to monitor its survival in coculture with Tetrahymena thermophila was reported by Leung et al. [17] . However, the main drawback of this technique was that GFP, released from lysed bacteria in food vacuoles, could not be used as a real-time indicator of the presence of whole, viable bacterial cells.
There is much scope for further work using bioluminescent bacterial strains. Correlation between bacterial cell numbers and bioluminescence levels would allow quanti¢-cation of internalised bacterial cells in a known protozoan population with relative ease. Alternatively, ingested bacterial cells could be recovered by diluting colistin-treated cocultures to achieve sub-inhibitory levels of colistin, before lysing the protozoa. It would also be possible to investigate the survival of a particular self-bioluminescent species of interest in a mixed species inoculum. It is thus envisaged that bioluminescent bacterial strains have the potential for use in the study of many aspects of the relationship between speci¢c bacterial species and protozoa. E. coli O157 pLITE27 and T. pyriformis (E); addition of colistin (10 Wg ml 31 ) at 30 min (S); addition of Triton X-100 at 30 min (R); addition of colistin (10 Wg ml 31 ) at 30 min and of Triton X-100 (0.2%) at 60 min (7) . b: Measurement of bioluminescence (RLU) from cocultures of E. coli O157 pLITE27 with T. pyriformis at 25 ‡C in PPY medium: E. coli O157 pLITE27 and T. pyriformis (E); addition of colistin (10 Wg ml 31 ) at 30 min (S); addition of Triton X-100 (0.2%) at 60 min (R); addition of colistin (10 Wg ml 31 ) at 30 min and of Triton X-100 (0.2%) at 60 min (7) . (For all data, n = 3.)
